In mountainous regions, climate change threatens cryospheric water resources, and understanding all components of the hydrological cycle is necessary for effective water resource management. Rock glaciers are climatically more resilient than glaciers and contain potentially hydrologically valuable ice volumes, and yet have received less attention, even though rock glacier hydrological importance may increase under future climate warming. In synthesising data from a range of global studies, we provide the first comprehensive evaluation of the hydrological role played by rock glaciers. We evaluate hydrological significance over a range of temporal and spatial scales, alongside the complex multiple hydrological processes with which rock glaciers can interact diurnally, seasonally, annually, decadally and both at local and regional extents. We report that although no global-extent, complete inventory for rock glaciers exists currently, recent research efforts have greatly elaborated spatial coverage. Using these research papers, we synthesise information on rock glacier spatial distribution, morphometric characteristics, surface and subsurface features, ice-storage and hydrological flow dynamics, water chemistry, and future resilience, from which we provide the first comprehensive evaluation of their hydrological contribution. We identify and discuss long-, intermediate-and short-term timescales for rock glacier storage, allowing a more balanced assessment of the contrasting perspectives regarding the relative significance of rock glacier-derived hydrological contributions compared to other water sources. We show that further empirical observations are required to gain a deeper hydrological understanding of rock glaciers, in terms of (i) their genesis and geomorphological dynamics (ii) total ice/water volume; (iii) water discharge; and (iv) water quality. Lastly, we hypothesise that at decadal and longer timescales, under future climate warming, degradation of ice within rock glaciers may represent an increasing hydrological contribution to downstream regions, and thus increased hydrological significance while rock glacier water stores persist.
Introduction 1
Glacierised high mountain systems worldwide form natural 'water towers' that constitute a significant 2 freshwater source for downstream regions, particularly in arid and semiarid zones (Messerli et al., 2004; 3 Viviroli et al., 2007) . Here, glacial-and snowpack-derived meltwaters buffer hydrological seasonality, con-4 tributing to streamflow in otherwise low-flow conditions during drier months (e.g., Kaser et al., 2010) . In 5 this context, the mountain cryosphere (snow, ice and permafrost) is important for ecosystem services pro-6 vision (Grêt-Regamey et al., 2012), supplying multiple societal needs within mountains and the surround-7 ing lowlands -potable water supplies, energy generation (hydropower) and agriculture, for example 8 (Immerzeel et al., 2010; Viviroli et al., 2011) . In vulnerable drought-prone regions particularly, glaciers 9
represent an important drought-resilient water source (Bolch, 2017) . This has been illustrated for several 10 high-altitude cities located in the Andes (Wouter et al., 2017 ; Table 1 ). 11 12 Even under conservative projections -limiting global warming to 1.5°C above pre-industrial levels (Paris 23 Agreement) -substantial glacier mass loss occurs; e.g., ~36% reductions in glacier mass by 2100 in High 24
Mountain Asia (Kraaijenbrink et al., 2017) . Elevation-dependent warming, i.e. rates of warming are ampli-25 fied with increasing elevation, suggests high-altitude environments will likely experience comparatively 26 faster warming rates than those at lower elevations, particularly at low-latitudes (Vuille et al., 2008; 27 Mountain Research Initiative EDW Working Group, 2015). Indeed, within certain low-latitude mountain 28 ranges complete loss of glaciers has already occurred (Rabatel et al., 2013) . Therefore, long-term glacial 29 stores are finite (Jansson et al., 2003) . 30 31
In the short-term, annual water release from long-term glacial storage increases; however, beyond 'peak 32
water' enhanced melt rates are overwhelmed by glacier shrinkage, and projected glacier runoff gradually 33 declines. For example, recent global-scale projections encompassing 56 glacierised macroscale (>5000 34 km²) basins suggests that to date (2017) peak water has been reached in 45% of the 56 studied basins, 35 increasing to 78% by 2050 (RCP4.5) (Huss and Hock, 2018) . Critically, by 2100 Huss and Hock (2018) re-36 port glacier runoff reductions exceeding 10% during at least one month of the melt season for one-third of 37 the studied basins; the largest of which occur in Central Asian and Andean basins. These findings are cor-38 roborated across a range of spatial scales (e.g., Baraer references therein), that of rock glaciers has received comparatively less attention (Duguay et al., 2015) . 54 55
Rock glaciers are landforms consisting of a continuous, thick seasonally frozen debris layer (known as the 56 active layer [AL] ) covering ice-supersaturated debris or pure ice (Berthling, 2011; Bonnaventure and 57 Lamoureux, 2013). They are formed by gravity-driven creep as a consequence of internal ice deformation. 58
Intact rock glaciers (i.e. those features within which ice presence is expected beneath the AL [Barsch, 59 1996] ) are thought to contain ice volumes of significant value (Azócar and Brenning, 2010; Rangecroft et 60 al., 2015; Jones et al., 2018b; Munroe, 2018) . Critically, due to the insulating effect of the AL, internal ther-61 mal regimes are at least partially decoupled from external micro-and meso-climates in summer (Juliussen 62 and Humlum, 2008; Millar et al., 2013) . As a result, rock glaciers are reasonably assumed to have retarded 63 ice melt, which suggests these landforms may prolong long-term water storage in high mountain systems 64 and buffer losses from alternative sources Rangecroft et al., 2015; Bosson and Lambiel, 65 2016; Jones et al., 2018b) . Furthermore, rock glacier presence and abundance affects the amount and prop-66 erties of runoff from high mountain watersheds. The potential hydrological value of rock glaciers, and thus 67 their importance in terms of hydrological research, was first noted by Corte (1976) . Yet, despite an accel-68 eration of rock glacier-related research during recent decades -searches within Scopus ® using 'Article title, 69
Abstract, Keywords' for all spelling variants of rock glacier(s) generated 973 peer-reviewed articles and 70 reviews to date (1) , 390 (40%) of which have been published since 2010 -research focusing upon their hy-71 drological role remains limited. For example, Duguay et al. (2015) report that searches of both ISI Web of 72
Science TM and Geobase TM resulted in just 28 papers with an appropriate discussion on rock glacier hydrol-73 ogy. Therefore, despite the near-ubiquitous nature of rock glaciers in high mountain systems (Jones et al., 74 2018a), there remains a need to understand the state-of-knowledge regarding the hydrological role of rock 75 glaciers. The rationale and aim of this manuscript is thus to describe the state of current scientific 76 knowledge about the hydrological role and contribution of rock glaciers in mountain regions and to sign-77 post towards critical future directions for rock glacier hydrological research. 78
Rock glaciers 79

Rock glacier characteristics 80
Rock glaciers are lobate or tongue-shaped assemblages of poorly sorted, angular-rock debris and ice (ice-81 cored or ice-cemented [Section 2.2]) commonly found in high mountain environments, which move as a 82 consequence of the deformation of internal ice (Giardino and Vitek, 1988; Barsch, 1996) . Previously, rock 83 glaciers have been classified according to their ice content and dynamic behaviour (Fig. 1) ; active rock glac-84 iers contain ice and display movement, inactive rock glaciers contain ice and no longer display movement 85 and fossil rock glaciers do not contain ice and no longer move, and are referred to regularly as relict 86 (Haeberli, 1985; Barsch, 1996) . Importantly, Kääb (2013) notes that "this classification is a theoretical con-87 cept. The transition between the three stages is actually continuous".
89
Active rock glaciers display rates of movement in the order of centimetres to a few decimetres per year (see 90 It is important to note that recognition, delineation and classification (in terms of their activity) is not a 128 trivial undertaking both from in situ surveys, or from analysis of remote sensing/photographic data, par-129 ticularly where: (i) the "characteristic" surface morphology is not evident (Whalley et al., 1986) , and/or (ii) 130 rock glaciers form multi-lobed complexes with lobes of different activity types superimposed and embed-131 ded onto/into one another, forming a cascading form with active lobes at higher elevations and relict lobes 132 at lower elevations (Roer and Nyenhuis, 2007) . Regardless, identifying and establishing the activity status 133 of rock glaciers represents an important initial step in determining their potential hydrological significance. 134
Rock glacier origin and evolution 135
A long-standing academic debate regarding rock glacier origin pervades the literature (see Barsch, 1977 Barsch, , 136 1987 Barsch, , 1996 Barsch, 1977 Barsch, , 1987 Barsch, , 1988 Barsch, , 1996 Haeberli, 1985) . Rock glaciers of periglacial origin are often 154 called talus-derived rock glaciers (Humlum, 1996) or ice-cemented rock glaciers (Wayne, 1981 (Potter, 1972) , glacier ice-cored rock glaciers (Johnson, 1978) or glacier-172 derived rock glaciers (Humlum, 1996) . Figure 2 represents a simplified perspective of rock glacier compo-173 sition for features derived from either the permafrost or glacier ice core model as outlined by Martin and 174 Whalley (1987 Complex internal thermal regimes are generated within the coarse-blocky openwork structure of the AL, 283 such that the AL acts as a thermal filter between the surface energy balance and the subjacent frozen rock 284 glacier core (Humlum, 1997; Hanson and Hoelzle, 2004 warmer air masses. In contrast to this, warmer air masses at the surface are prevented 310 from penetrating into the openwork blocky debris by cold air trapped within inter-clast 311 voids. Consequently, heat transfer is conductive only, thus warming of the openwork 312 blocky debris at depth is sluggish, whereas density-induced non-convective processes 313 (e.g., Balch ventilation) take place much more rapidly, particularly at night (e.g., Humlum, 314 1997). Importantly, wind pumping produced by high winds, however, may upset the 315 above-described pattern and even dynamically displace trapped cold air as comparatively 316 warmer and less dense near-surface air masses are driven into the openwork blocky de-317 bris by means of forced ventilation (Humlum, 1997) . Of note, Ballantyne (2018, p. 50) n 318 that most investigators reject this explanation of negative temperature anomalies within 319 openwork blocky debris as it fails to explain seasonal temperature variations at depth. 320
(ii) The chimney effect. First proposed by von Wakonigg (1996) , this theory concerns a sea-321 sonally switching air circulation mechanism that produces ascending warm air in winter 322 and descending cold air in summer. Consequently, a positive and negative thermal anom-323 aly develops in the upper and lower parts of the slope, respectively. Specifically, in winter, 324 warmer air masses move upslope through the openwork blocky debris under thick sea-325 sonal snow cover, exiting through warm funnels in the upper parts of the slope. As a result, 326 the concomitant aspiration of cold air into the lower parts of the slope occurs. This process 327 is most efficient during particularly cold periods leading to the build-up of a cold reservoir 328 in the lower parts of the slope. In summer, this mechanism is reversed, with a gravity dis-329 charge of cold air through the openwork blocky debris, exiting at the foot of the slope 330 (Harris and Pedersen, 1998; Delaloye and Lambiel, 2005 ). This process is frequently per-331 ceptible as a persistent breeze towards the base of rock glacier frontal slopes during the 332 summer (Delaloye and Lambiel, 2005 ). Importantly, the chimney effect, therefore, facili-333 tates the preservation of ice in openwork blocky debris on slopes >1000 m below the re-334 gional limit of discontinuous permafrost, where MAAT is >+5°C (Delaloye and Lambiel, 335 2005 In addition to the above-described processes, ice subjacent to the AL can 'self-preserve' as it increases the 357 heat capacity, thermal conductivity and emissivity of the ground relative to unfrozen ground within which 358 the pore spaces are air-filled. It may act as an effective heat sink, rapidly absorbing, emitting and distrib-359 uting heat without undergoing high amounts of melt (Kenner et al., 2017b 
Rock glacier distribution and storage 443
A considerable number of rock glacier inventories have been compiled in various mountain ranges (see 444 Jones et al., 2018a). However, as yet no global-scale (complete) inventory has been compiled, despite being 445 described as the "most pressing need" in rock glacier research Importantly, near-global-and RGI-regional-scale ratios (Fig. 6) 
589
Note the presence of intra-permafrost taliks (particularly in core Lazuan II), the formation of which has been attributed 590 to advective and conductive heating by infiltrating water and circulating air (Luethi et al., 2017 Empirical H-S relations can be expressed as ℎ ̅ = · , where mean rock glacier thickness ℎ ̅ (m) is calcu-644 lated as a function of surface area S (km²) and a scaling parameter c (50) and scaling exponent β (0.2) 645 (Brenning, 2005a) . Rock glacier volumes were determined by = ℎ ̅ · . Rock glacier WVEQ was subse-646 quently estimated through the multiplication of V and estimated ice content (% by vol.) and assuming an 647 ice density conversion factor of 900 kg m⁻³ (Paterson, 1994 that the application of the abovementioned statistical model should better differentiate between the volu-685 metric ice content of active and inactive rock glaciers. Indeed, a classification system for debris-covered 686 glaciers and rock glaciers divides the latter into three subclasses: (i) "Class 4: Proper" (i.e. active), ice con-687 tent = 25-45%; (ii) "Class 5: Transitional" (i.e. inactive), ice content = 10-25%; and (iii) "Class 6: Glacier of 688 rock" (i.e. relict), ice content = <10% (Janke et al., 2015). As a consequence, large uncertainties will be in-689 troduced to rock glacier WVEQ predictions by the typically lower volumetric ice content of inactive rock 690 glaciers (Brenning, 2010) . In addition, existing rock glacier WVEQ estimations have not considered volu-691 metric air content, reported to be up to 25% in intact rock glaciers (Arenson and Springman, 2005) , that 692 would further reduce predicted WVEQ (Arenson and Jakob, 2010) . Nonetheless, existing rock glacier WVEQ 693 estimations provide a much-needed first approximation that should stimulate further research and gain 694 the attention of policymakers. 695
Rock glacier water discharge 696
Characteristics of rock glacier discharge 697
To date, only very few studies have investigated the hydrological aspects of rock glacier water discharge, 698 in spite of recent research reporting that rock glaciers constitute non-negligible long-term water stores 699 (Section 4). Besides the above-stated formidable logistical challenges of rock glacier-related fieldwork (Sec-700 tion 4.2.1), this is because water discharge measurements are challenging or virtually impossible to con-701 duct for rock glaciers (i) with multiple, often inaccessible springs , (ii) with no 702 spring(s), i.e. the water drains within the debris , (iii) that grade into downslope 703 landforms, and (iv) that terminate in lakes or ponds (Colombo et al., 2018c) . Based on the few available 704 measurements, the discharge from springs of intact rock glaciers is estimated to range from <1 to >1000 L 705 s⁻¹ during the melt season (Table 2) . 706 707 (Fig. 9) . Further, intense melting of the winter snowpack during periods 724 of warm weather produce marked diurnal runoff cycles, with low discharge at noon and peak discharge 725 towards late evening . In this respect, generally, rock glacier discharge patterns 726 mimic those of glaciers, although at considerably lower magnitude (Krainer and Mostler, 2002; Geiger et  727 al., 2014). Additionally, various authors suggest that rock glacier discharge fluctuates less than glaciers 728 (Potter, 1972; Corte, 1976 Corte, , 1987 Gardner and Bajewsky, 1987) , at least on diurnal timescales (Haeberli, 729 1985; Pourrier et al., 2014) ; however, few have demonstrated this empirically. 730 731
Isotopic analyses of rock glacier springs, alongside discharge and electrical conductivity sampling (EC) 732 data, support the above-described seasonal evolution of intact rock glacier discharge composition (Krainer 733 and Range, USA) through geochemical and stable isotopic analyses in combination with end-member mixing 756 analysis: 30% was snowmelt, 32% was soil water, and 38% was baseflow -the latter includes icemelt. 757
Notably, studies have not successfully isolated the contribution of icemelt to rock glacier discharge (Krainer  758  et to those in an ice core at the same location (-1.3-0.2 TU). They conclude that frozen rock glacier core for-769 mation pre-dates the peak of above-ground nuclear weapons testing (1950s/1960s), whereas rock glacier 770 outflows primarily derive from modern precipitation (i.e. minor contributions from icemelt). 771 772
Notably, rock glacier-catchment hydrology interactions remain poorly understood and opinions regarding 773 the hydrological contributions of rock glaciers diverge. Indeed, a number of studies have suggested that 774 rock glacier hydrological contributions to downstream runoff are significant; however, the majority of 775 these conclusions are based upon non-quantitative data (for summary see: Duguay et al., 2015) . It is im-776 portant to note that investigations focused upon rock glacier hydrology generally consider present as op-777 posed to future rock glacier hydrological contributions. Therefore, thus far the hydrological significance of 778 rock glaciers has been defined according to a restricted timescale. Critically, while rock glaciers form long-779 term water stores and thus may not constitute a readily available water resource (Duguay et 
Characterisation of rock glacier hydrological flowpaths 784
Importantly, as well as rock glacier hydrological contributions, rock glacier-catchment hydrology interac-785 tions should be considered with respect to discharge timing. In addition to the seasonal availability of dif-786 ferent water sources (Section 5.1), rock glacier discharge timing is determined by spatially-and tempo-787 rally-variable, convoluted subsurface flowpaths (Burger et al., 1999) . Based upon the following infor-788 mation, a model of the hydrological flowpaths within rock glaciers of periglacial and glacial origin was con-789 structed (Fig. 10) . 790 791
Conceptual models of rock glacier hydrology suggest that subsurface water movement occurs along two 792 flowpath types: supra-permafrost flow and sub-permafrost flow atop and below an impermeable frozen rock 793 glacier core, respectively (Giardino et al., 1992) . This is consistent with the conclusions of Krainer and 794
Mostler (2002) A further subsurface flowpath in rock glaciers with low ice content, intra-flow (i.e. slow internal flow), was 824 identified through dye-tracing experiments (Tenthorey, 1992 (Tenthorey, , 1994 . Intra-flow also includes water trans-825 iting through active rock glaciers by means of unfrozen drainage networks, i.e. intra-permafrost flow 826 (Tenthorey, 1992 (Tenthorey, , 1994 
Rock glacier-catchment hydrology interactions 846
Very few systematic studies of catchment-scale geomorphic drivers of streamflow regimes (i.e. timing, mag-847 nitude and duration of discharge) have conducted comparative assessments of the hydrological response 848 between alpine catchments. Physical catchment parameters, including slope, elevation range, drainage 849 area, and bedrock geology, have previously been used assess inter-and intra-catchment variations in the 850 hydrological response. Contrastingly, the hydrological influence of discrete debris accumulations (DDAs) 851 and/or ice-debris landforms (I-DLs), e.g., talus slopes, protalus ramparts, protalus lobes, and rock glaciers, 852 are largely neglected (Weekes et al., 2015 hydrology (Geiger et al., 2014) . Hydrographs from the rock glaciated (i) and non-rock glaciated catchments 859
(ii) are distinctly different. (i) In this catchment, flood peaks are delayed following the onset of precipita-860 tion, flood peaks are higher, and the proportion of precipitation leaving the catchment as stormflow is high. 861
(ii) Contrastingly, in this catchment, flood peaks occur much more quickly and are short in duration, and 862 the proportion of precipitation leaving the catchment as stormflow is significantly lower than in the rock 863 glaciated catchment (see Table 2 in Geiger et al., 2014) . This indicates that in non-rock glaciated catch-864 ments, significant losses of precipitation to deep groundwater storage may occur. Importantly, rock glacier 865 hydrographs have shown that rock glacier stormflow constitutes a significant proportion of total catchment 866 runoff (15-30%). It appears that the proportion of rock glacier stormflow to catchment stormflow is de-867 termined by precipitation intensity rather than precipitation volume. For example, 37.6 mm of precipita-868 tion (1.21 mm h⁻¹) and 7.2 mm of precipitation (2.40 mm h⁻¹) derived from two different storms resulted 869 in a 15% and 30% contribution to total catchment runoff, respectively. The above-described observations 870 indicate that active rock glaciers act as impervious surfaces following high-intensity weather events, with 871 the net effect of increasing runoff generation within rock glaciated catchments (Geiger et al., 2014) . In the 872
Krummgampen catchment, western Ötztal Alps, Austria, model simulations indicate that complete disap-873 pearance of permafrost will reduce flood peaks by ~17%, supporting the above-described findings (Rogger 874 et al., 2017) . 875 876
Notably, the characteristics of rock glacier water storage and release (i.e. storage behaviour) differ consid-877 erably between active, inactive, and relict features. Indeed, lessening of the degree of activity through deg-878 radation of the frozen rock glacier core may potentially increase feature porosity, and thus increase the 879 storage capacity. In turn, this will cause changes in the rock glacier discharge pattern, and consequently 880 influence runoff generation in alpine catchments (Rogger et al., 2017 synthesises the hypothesised hydrological functioning of this glacier-rock glacier composite feature (Fig.  906  11) . Analysis of the flow dynamics shows rapid and concentrated or slow and diffuse hydrological transfers 907 for the debris-covered glacier and rock glacier, respectively. In this study, the debris-covered glacier forms 908 a weakly capacitive but highly transmissive medium, whereas the rock glacier forms a highly capacitive but 909 weakly transmissive medium. The hydrological data suggest that rock glaciers exhibit: (i) a strong buffering 910 effect on the daily-to-monthly variability of transferring glacier meltwater to downstream areas; and (ii) a 911 high storage capacity that partially delays glacier meltwater transfer to downstream areas (Pourrier et al., 912 2014) . Therefore, catchment hydrology will be significantly influenced by glacier-rock glacier interactions, 913 particularly where debris-covered glaciers are currently developing into rock glaciers. As a consequence of 914 the transition from glacial to paraglacial process regimes, glacier-to-rock glacier transition in high moun-915 tain systems is increasingly likely (Section 2.2); therefore, it is important to better understand the catch-916 ment hydrology implications of glacier-rock glacier interactions. 917 918 
Rock glacier water hydrochemistry 923
Rock glacier water hydrochemistry is the focus of very few scientific investigations (see Table 1 in Colombo  924 et al., 2018b). It is known that rock glaciers lose ice volume at slower rates than glaciers (Section 3), there-925 fore the former potentially affect water hydrochemistry over longer timescales (Fegel et al., 2016 Previously, rock glacier outflow has been described as clear (i.e. predominantly sediment free), containing 933 comparatively lower suspended sediment concentrations (SSC) and higher total dissolved solids (TDS) rela-934 tive to glacier-fed outflow (Gardner and Bajewsky, 1987) . In addition, total load (i.e. SSC + TDS [excluding 935
bedload transport]) within the latter are at least one order of magnitude greater than that within rock glac-936 ier outflow (Gardner and Bajewsky, 1987) . It is important to note that these conclusions are based on a 937 small sample size, with just a small number of studies evidencing this. For example, SSC measurements 938 from the Hilda rock glacier (Canadian Rocky Mountains, Canada) were generally low, ranging between 1-939 3 mg L⁻¹ and reaching 20 mg L⁻¹ only in response to precipitation events. As expected, increased rock glac-940 ier-derived discharge causes increases in SSC; however, a threshold value of ~150 L s⁻¹ was reported after 941 which SSC declines (Gardner and Bajewsky, 1987 can arise in mineralised catchments with sulfide-bearing lithologies following rock glacier thaw, as the ex-996 posure of sulfide-rich rocks to air and oxygenated water results in increased oxidation of sulfide minerals 997 (Ilyashuk et al., 2014) . ARD typically produces acid-sulfate waters enriched in metals; for example, high 998 concentrations of Mn, Ni and Al in excess of EU maximum permissible levels in drinking water were rec-999 orded at Rasass See. Contrastingly, negligible concentrations were reported for the adjacent water body 1000 without a rock glacier in its catchment (Ilyashuk et al., 2014 studies against which to test the rigour of this relationship (see Section 4). We call for new exper-1100 iments that: (i) enable the physics (i.e. dynamics) of rock glaciers to be better understood, (ii) in-1101 crease the sample size used to constrain the scaling parameter c and choose the value for β, and 1102 (iii) localise the scaling parameter c. We also call for ground-truthing data that will deliver the 1103 evidence-based science to test and review the suitability of the current empirical power-law rela-1104 tionship. Furthermore, an approach to estimate the ice content/WVEQ of glacier-rock glacier in-1105 teractions, for which simple empirical power-law relationships are likely inappropriate (Bolch et  1106 al., 2019), needs to be developed.
1107
▪ Rock glacier storage and release: There is some understanding about the short-term volume, vari-1108 ability, and timing of rock glacier outflows, derived from studies at a few, largely intact sites. As 1109 climate change progresses, rock glaciers will evolve, and there is a need for data describing how 1110 the transition towards relict activity status will impact discharge. This requires a focus on space 1111 for time substitution experiments across the intact-to-relict transition. In addition, geophysical 1112 methodologies, such as the 4-phase model (see Section 4), provide opportunities to better under-1113 stand the internal structure of rock glaciers, and thus boost knowledge about subsurface hydro-1114 logical processes (i.e. preferential subsurface flowpaths). We recognise that delivering empirical 1115 data describing rock glacier internal structure is difficult but encourage rock glacier scientists to 1116 engage with new methodological/technological approaches to sample rock glacier internal struc-1117 ture. 1118 ▪ Rock glacier hydrochemistry: Based upon a limited number of studies, there is evidence that intact 1119 rock glaciers can adversely change the inorganic chemistry of water bodies and streams, down-1120 stream of outflows. Further scientific investigation of this is required, to extend research evidenc-1121 ing the suitability of water originating from rock glaciers for use as safe, potable water resources. 1122 Importantly, future studies should assess waters originating from relict rock glaciers, as hydrolog-1123 ical storage capacity and residence time is greater than that of intact features (Colombo et al., 1124 . We note that to include hydrochemical sampling in the experimental design of future rock 1125 glacier studies would advance this research field. 1126 ▪ Rock glacier climatic resilience: A number of studies conclude that complex internal thermal re-1127 gimes are generated within the coarse-blocky openwork structure of the AL, amplifying the insu-1128 lation effect of the debris mantle. However, in a changing climate intact rock glaciers could experi-1129 ence drastic change. Indeed, emerging observations of increased rock glacier surface velocities po-1130 tentially in response to recent climate warming has been reported (see Section 3). In spite of this, 1131 research considering the effects of future climate warming on rock glaciers is in its infancy. 
